This work proposes a new approach to characterize cell membranes in intact cells by 2 H solid-state nuclear magnetic resonance (NMR) in only a few hours using magic-angle spinning (MAS) and spectral moment analysis.
Introduction
Since the early 2000s, nuclear magnetic resonance (NMR) has proven useful for in-cell structural studies of small soluble proteins [1, 2] . The goal of these studies was not to determine protein structures, but rather to extract structural and dynamical information, as well as to identify potential interactions with other cellular components. Recently, two studies [3, 4] showed that in-cell solid-state NMR (ss-NMR) could also be a powerful tool to study membrane proteins in their natural environment, as well as their interactions with lipids. These interactions could also be characterized by complementary experiments developed long ago, using in-cell solid-state NMR of lipids [5] .
The first applications of static 2 H ss-NMR to lipids and cell membranes (Acholeplasma laidlawii) date back to the early 1970s [6, 7] but the introduction of the 90°solid echo in 1976 improved significantly the quality of static wideline 2 H ss-NMR spectra [8, 9] whose lineshapes are sensitive to molecular order, dynamics and therefore molecular interactions. Mutated strains of Escherichia coli lacking fatty acid oxidation were grown with exogenous deuterated fatty acids [10, 11] until TardyLaporte et al. showed that it was possible to label wild-type E. coli membranes [12] . 2 H NMR order parameters and spectral moments were measured to deduce biologically-relevant structural and dynamic parameters in all sorts of synthetic and biological membranes up until today. For example, Tardy-Laporte et al. studied the effect of antimicrobial agents on cell membrane lipids, and proposed that fullerenol interacted with lipopolysaccharides of the outer membrane of E. coli [12] . Nevertheless, such studies, although non-invasive, can be time consuming (at least several hours to obtain a sufficient signal-to-noise ratio) which can be deleterious for some perishable samples. An approach to speed up these experiments is to combine them with magic-angle spinning (MAS). While the first combination of 2 H ss-NMR and MAS dates back to the late 1970s [13, 14] , it is only in 1986 that Clayden suggested that MAS can provide similar information to static 2 H ss-NMR with better sensitivity [15] . The analysis of 2 H MAS sideband linewidths to extract dynamic information were developed in the late 1990s [16, 17] and found an important application in the case of membranes, where it has been used to probe critical fluctuations in model membranes. Indeed, Radhakrishnan and McConnell [18] predicted that these critical fluctuations would be measurable either on 
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a m e m the relaxation of 2 H MAS NMR spectra or on its sideband linewidths and both effects have been verified and quantified [19, 20] . However, this method has not yet been applied to the study of membranes in intact cells. Therefore in this study, we assessed the advantages of using MAS vs. static 2 H NMR to study lipids within their native environment such as intact cellular membranes. More specifically, we showed how spectral moment analysis can be used to analyse spectra obtained with MAS. This approach was tested on model systems as well as on bacteria grown on different diets.
Material and methods

Materials
Deuterated dipalmitoyl phosphocholine (d 62 -DPPC) and dodecyl phosphocholine (DPC) were acquired from Avanti Polar Lipids (Alabaster, AL, USA). Oleic acid (OA), deuterated palmitic acid (d 31 -PA), deuteriumdepleted water and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma Aldrich (Saint Louis, MI, USA).
All NMR experiments were performed on a solid-state Bruker Avance III-HD wide bore 400 MHz spectrometer (Milton, Ontario, Canada), operating at a frequency of 61 MHz for deuterium, with double resonance magic-angle spinning probes using either 4 mm or 1.9 mm diameter rotors. 
Sample characterisation
Lipid profile analyses by gas phase chromatography combined with mass spectrometry, and cellular viability assays by MTT reduction were performed as described in [12] .
NMR
Static spectra were obtained using the solid-echo pulse sequence [8] , with a 90°pulse length of 4 μs and an interpulse delay of 40 to 60 μs. Typically, 10 k points were acquired with a dwell time of 0.5 μs (spectral width of 1 MHz) and a repetition delay of 500 ms. The number of transients accumulated were 10,000 (1.5 h) vs. 20,000 (3 h) for DPPC and E. coli samples respectively. Processing was performed by using only 2000 points, left shifting by a couple of points to start from the top of the echo, automatic baseline correction and a line broadening of 20 Hz. Spectra acquired at 5 or 10 kHz MAS frequencies were obtained using a modified Hahn-echo pulse sequence [15, 21] , with an initial 45°pulse and an interpulse delay equal to one rotor period (100 or 200 μs). Typically, 128 k points were acquired with a dwell time of 1 μs (spectral width of 500 kHz) and a repetition delay of 500 ms. The number of transients accumulated with MAS were 1000 (10 min) vs. 2000 (20 min) for DPPC vs. E. coli samples respectively. Processing was performed by using only 64 k points, left shifting by a couple of points to start from the top of the echo, automatic baseline correction and 20 Hz line broadening.
Experiments on model membranes were also performed on a 1.9 mm magic-angle spinning probe, at 10 or 20 kHz spinning frequency, with a 2.5 μs 90°pulse and an un-modified Hahn-echo pulse sequence. Temperature was calibrated and corrected at each spinning speed with ethylene glycol [22] . The equilibration time, in case of multi-temperature experiments, was 15 min.
Moment calculation
The second moment M 2 can be calculated using Eq. (1) [23] , v Q being the motionless quadrupolar splitting and b S CD 2 N the mean square order parameter.
As shown by Maricq and Waugh [13] , the spreading of the deuterium spectrum into spinning sidebands allows for a more simple way to extract spectral moments (see Eq. (2)), ω r being the spinning rate (ω r = 2πυr r , where υ r is expressed in Hz) and A N being the area of the Nth sideband.
Spectral moments were either calculated according to Eq. (1), using the matNMR software [24] , or Eq. (2), using any commercial or open source pick-picking software (Bruker Topspin or the aforementioned matNMR software) and spreadsheet application, such as LibreOffice Calc.
Results and discussion
The use of MAS guarantees an increase in sensitivity for solid-state NMR, which is of crucial interest for 2 H NMR of biological samples that are diluted and have to be studied while fresh to avoid degradation. Indeed, cellular viability assay by MTT reduction indicated a decrease of E. coli viability from 70% after 1 h down to 30% after 15 h, and this decrease was almost not affected by MAS (Table S1 ). In order to establish the feasibility of in cell magic-angle spinning 2 H NMR, the similarity and precision of the information extracted by MAS compared to the one obtained with static 2 H NMR had to be verified. We have therefore first studied artificial membranes made of d 62 -DPPC (perdeuterated on their acyl chains), which behaviour is well known [23] .
A side advantage of using MAS is that echoes or alternative sequences to remove the effects of deadtime and acoustic ringing [25, 26] are not essential, provided signal is detected from the top of the first rotational echo, which implies signal loss at slow spinning frequencies. Using echoes in MAS is nevertheless possible, if synchronised with the rotor period, and using a 180°Hahn echo after one rotor period [20] proved beneficial for retrieving sensitivity and improving the spectral baseline. Because the radio-frequency power available on the 2 H channel for a standard 4 mm probe is usually insufficient for uniform excitation of a broad 2 H spectrum, the classical Hahn echo sequence was modified by replacing the initial 90°pulse by a 45°pulse, as suggested by Bloom and Clayden [15, 21] . This results in a slight decrease in sensitivity but allows a uniform excitation profile across the whole spectrum width.
We have first verified that, as expected, sensitivity was greatly increased by MAS. A good quality spectra can thus be obtained in 15 min (see Fig. 1 ). While temperature was carefully calibrated and corrected at all spinning rates, we noticed that, in a 4 mm diameter rotor, the heating induced by spinning was around 2°C at 5 kHz, and around 5°C at 10 kHz. Increasing the rotor spinning frequency increases the sensitivity, reduces the echo time loss, but also increases the heating by friction and reduces the number of spinning sidebands from which spectral moments can be extracted. According to Eq. (2), although an infinitely fast rotation would result in no spinning sideband and no possible moment measurement, an accurate moment can be measured with only one sideband, provided its intensity is large enough. However, with a small number of sidebands, the impact of the smallest sideband to the error in moment measurement may become crucial. A compromise must be found and our experiments showed us that, provided the signal-to-noise was good enough, a few spinning sidebands were sufficient to provide accurate moment values. In practice, spinning frequencies between 5 and 20 kHz were appropriate. The gain in sensitivity in such conditions was between one and two orders of magnitude (see Figure S1 in the Supplementary Information), while the error remained below 10% with only two sidebands remaining at high temperatures (see Figure S2 in the Supplementary Information).
On Fig. 1 , we observe a severe 2 H NMR line broadening in d 62 -DPPC, slightly below its main phase transition temperature of 37°C. In the static case, the reduction of signal-to-noise ratio is visible at around 35°C ( Fig. 1 and Figure S3 ). Under MAS, the line width of the isotropic band and of each sideband was monitored, and broadening occurred Eq. (1) was used for the static sample (circles). Eq. (2) was used for 5 kHz (triangles) and 10 kHz (squares) spinning.
ca. 34°C. Since the same dynamic process seems to be responsible for broadening of static and spinning samples, interference of molecular motion with the rotor rotation cannot be solely responsible for such observed broadening [15, 27] . Nevertheless, MAS allows for easy line width assessment and, as can be seen in Fig. 1 , broadening is greater at 5 than at 10 kHz. To rule out the sole effect of the Hahn echo (longer at 5 kHz than at 10 kHz), spectra were also acquired without any echo, showing the same tendency (see Figure S4 ), pointing towards a low frequency dynamic process interfering with low frequency rotation of the rotor. This type of spectral broadening has been reported in the case of critical fluctuations in DOPC/d 62 -DPPC/cholesterol mixtures at around 29°C, and has been assigned primarily to global lipid lateral diffusion effects [19, 20, 28] . Fluctuations, induced by the temporary coexistence of lipid clusters in different phases, have also been reported in simpler lipid mixtures, including local motion due to progressive acyl-chain melting in what has been called the sub-main transition region [29] [30] [31] . More work will be necessary to precisely identify the global and local molecular motion responsible for such increased relaxation and broadening.
Individual local order parameters cannot be measured when the distribution of 2 H labels and quadrupolar splittings is broad, as is the case with deuterated biological samples. In such cases, moment analysis is a good alternative since 2 H NMR spectral moments are related to the averaging of quadrupolar interactions by chain motion, as the mean order parameters would be. In particular the second moment M 2 is directly related to the mean square order parameter S CD 2 (see Eq. (1) s −2 when the temperature increases from 0°C to 50°C, with a sharp transition at the phase transition temperature of 37°C [23] . A similar variation is observed in bacterial membranes grown on d 31 -PA [10, 12] . Using magic angle spinning, we measured 2 H NMR M 2 values for d 62 -DPPC which were identical to the same static sample and to literature values [23] , at temperatures between 15°C and 55°C, and at spinning frequencies of 5 kHz and 10 kHz (Fig. 2) . Although our static spectra could only be analysed with continuous integration (Eq. (1)), our spinning results were analysed using both the continuous integration and the simpler discrete sideband integration (Eq. (2)), with the same results, provided the number of sidebands and their intensities were sufficient (a minimum of 2 sidebands ensures an error below 10%). Although M 2 should be invariant to sample rotation [13] , which is what we observe if we compare the static and the 10 kHz traces, we see a slight discrepancy at 5 kHz, between 28 and 36°C. We believe this results from the line broadening discussed previously, which may affect the measurement of the low intensity sidebands, and in turn affect the accuracy of the measured moment. A more precise measurement could be obtained by accumulating more, thereby losing the advantage of fast acquisition. Alternatively, we have preferred spinning at 10 kHz in the rest of the article. Once the approach was validated with DPPC membranes, we have applied 2 H MAS NMR to real biological cells. Our first biological sample was made of intact wild-type E. coli cells, incorporating d 31 -PA (dC16:0), tested at several temperatures and at a spinning of 10 kHz (Fig. 3) . A good 2 H signal-to-noise ratio, with a very good baseline, was obtained in twenty minutes instead of 3 h for a static spectrum. An automatic pick-picking routine was applied to the spectra, allowing for a quick and easy measurement of M 2 as a function of temperature. By probing just three different temperatures (15°C, 30°C, 45°C), the membrane rigidity and its variation could be characterized in less than two hours (Fig. 4) , and agreed well with known data [12] . This protocol is compatible with in vivo solid-state NMR studies of bacteria, as shown by our viability assays, and by other groups [32] .
In our previous work [12] , we have shown by gas phase chromatography that a widespread E. coli strain such as BL21 was able to incorporate d 31 -PA. We have also checked that PA was the most abundant fatty acid present, and that a significant amount could be deuterated using our protocol. d 31 -PA is therefore a good probe to reflect the behaviour of the majority of bacterial membrane lipids. Nevertheless, we have shown that incorporation of exogenous PA reduced the amount of unsaturated fatty acids in the bacterial membrane. Because this may alter the membrane rigidity or its phase transition temperature, we thus proceeded to grow wild-type E. coli cells with d 31 -PA in the medium, in presence of an equal amount of protonated OA (C18:1).
Here we show by gas phase chromatography that indeed, the addition of OA mostly restores the wild-type proportion of saturated and unsaturated fatty acids, thereby probably better reflecting the natural fluidity of the bacterial membrane (Table 1) . We observe here that the most abundant fatty acids are C16:0, C18:1 and cyC17:0 (cyclopropane derivative, often misassigned as C17:1 [33, 34] ). The samples studied here contain a very low proportion of palmitoleic acid (C16:1), in disagreement with some studies [10, 12] but in agreement with others [35] . The addition of protonated OA slightly reduces the amount of deuterated lipids in the sample, and hence the sensitivity of the method, but it hardly reduces the proportion of deuterated PA (around 70%) which remains the most abundant fatty acid in the membrane.
Following the protocol described above, we analysed in less than two hours the bacterial membranes grown on dC16:0 and C18:1 to assess the effect of OA. While an obvious effect is the reduced deuterium signal-to-noise ratio due to the increased number of protonated fatty acids, the other visible effect is a narrower distribution of quadrupolar splittings indicating a lower rigidity (Fig. 5) . This effect was confirmed by the extracted M 2 values (Fig. 4) indicating that E. coli grown only on PA was mostly in the gel phase, with a higher proportion of fluid phase as the temperature was raised, whereas E. coli grown on both palmitic and oleic acids was always in the fluid phase, as expected for most wild-type bacteria [36] .
Conclusions and perspectives
Lipids constitute half the weight of biological membranes and their structural diversity signals a variety of functions that is worth exploring [37] . We have herein established a new approach to characterize membrane lipids in intact cells in a few hours, thus reducing the possibility of sample degradation and allowing for in vivo studies of bacteria. This protocol combines 2 H solid-state NMR, magic-angle spinning and spectral moment analysis, and it was first validated on model membranes, allowing the detection of molecular fluctuations below the main phase transition temperature. We have extended this method to E. coli bacteria grown on deuterated palmitic acid, with or without the presence of protonated oleic acid, showing that membrane fluidity was related to the diet that the bacteria were grown on.
We anticipate that our approach will prove valuable in providing information regarding other diet-induced changes, lipid-protein interactions or membrane curvature, helping to characterise membranes that are not as well known, for example of algae, fungi or worms grown on different fatty acids [38] [39] [40] . Thereby, solid-state NMR is exploring yet a new frontier of structural biology by tackling in-cell (in some cases even in vivo) biomolecular studies, strengthening the link between molecular structure, dynamics and function [41] [42] .
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